Abstract-A pixel Hybrid Photon Detector was developed according to the specific requirements of the LHCb ring imaging Cerenkov counters. This detector comprises a silicon pixel detector bump-bonded to a binary readout chip to achieve a 25 ns fast readout and a high signal-to-noise ratio. The detector performance was characterized by varying the pixel threshold, the tube high voltage, the silicon bias voltage and by the determination of the photoelectron detection efficiency. Furthermore accelerated aging and high pixel occupancy tests were performed to verify the long term stability. The results were obtained using Cerenkov light and a fast pulsed light emitting diode. All measurements results are within the expectations and fulfill the design goals.
I. INTRODUCTION

I
N the LHCb experiment [1] particle identification, especially K/π separation, is achieved using ring imaging Cerenkov (RICH) counters [2] . To cover the full momentum range (1-150 GeV/c) three different radiator materials (silica aerogel, and two fluorocarbon gases, C 4 F 10 and CF 4 ) are used in which the charged particles produce Cerenkov light. The resulting single photons with wavelength from 200 nm to 600 nm should be detected with high efficiency over a total area of 2.6 m 2 , and with a granularity of 2.5 mm x 2.5 mm and a high active-tototal area ratio (∼70%). The time resolution has to be better than 25 ns in accordance with the LHC bunch crossing rate. In addition the detectors will be subjected to the shielded fringe field of the LHCb dipole magnet of O(10-20 gauss) and to a maximum radiation dose of 10 krad per year.
A pixel Hybrid Photon Detector (HPD) was developed as a photon detector solution of LHCb in accordance to the LHCb RICH requirements, in particular the high active-to-total area ratio and high time resolution. The HPD comprises a silicon detector anode encapsulated in a vacuum envelope and has been developed in close collaboration with industry [3] .
The developed tube (see figure 1 ) has a 7 mm-thick quartz optical input window with an active diameter of 72 mm. A S20 multi-alkali photo-cathode is deposited on the window inside the envelope. A photoelectron, released by an incident photon, is accelerated onto the anode assembly by an applied high voltage of ∼20 kV. This corresponds to ∼5000 electron-hole pairs released in the silicon. The anode assembly consists of a pixel detector array with 32x256 reverse-biased p-n junctions bump-bonded to the LHCBPIX1 binary readout chip [4] . The pixel detector and chip are assembled and wire-bonded onto a ceramic carrier before vacuum encapsulation in the photon tube.
The HPD employs electrostatic cross-focusing to accelerate and image photoelectrons from the photo-cathode onto the anode with a demagnification factor of ∼5. The image distortion caused by variations of the linear de-magnification along the radial axis does not generally exceed 10% at the edge and can be corrected for off-line. Furthermore the pixel bump-bond connections give rise to a small load capacitance on the frontend electronics resulting in low noise, high speed and a compact anode structure. This tube geometry is robust against external electric field deviations. However due to the large tube diameter it is susceptible to magnetic field perturbations and therefore the tube requires an additional mu-metal shield.
The prototype performance of two 40 MHz tubes was characterized to verify that it complies with the LHCb requirements and is discussed in the following sections. These results are completed by additional measurements with a previous prototype connected to a 10 MHz readout chip (ALICE1LHCB chip [5] ).
II. HPD MANUFACTORING AND QUALTITY
The most critical manufacturing step is the bake-out cycle (∼ 300
• C) of the vacuum encapsulation. Intensive investigations on bond structure and bond material were necessary in order to optimize the bonding reliability with respect to these heat cycles [6] . Although the number of working bonds was > 99.9% for the 10 MHz prototype the bond material was changed to be more temperature resistant. This new process resulted in 98.5% and 95.6% working bonds in the first two 40 MHz prototypes. Although this already fulfill the specification of 95%, the bump bonding efficiency is expected to further improve. 
III. PIXEL HPD PERFORMANCE STUDIES
In most of the studies a pulsed low intensity light-emitting diode (LED) was used to determine the tube characteristics. Additional information was obtained during a short test beam period where Cerenkov light from 10 GeV pions and electrons traversing through air was focused on the tube.
A. Discriminating threshold
The analogue front-end electronics of a pixel consist of a charge preamplifier, a shaper and a discriminator. The discriminating threshold of the LHCBPIX1 (and ALICE1LHCB) readout chip can be adjusted with a chip parameter (preVTH). The usual working point was chosen to be well above the noise contribution. By varying the tube high voltage (and therefore changing the amount of charge deposited in the silicon) the pixel threshold distribution can be determined. As can be seen in the top plot in figure 2 the mean corresponds to ∼ 1700 electrons (neglecting the energy loss in the thin inactive ohmic layer of the detector) with a spread of 250 electrons, which is within the specifications of less than 2000 and 300 electrons threshold average and spread respectively. Furthermore the discriminating threshold distribution can be lowered and narrowed by a 3-bit pixel adjustment built in the chip. The result is seen in the bottom plot of figure 2 which also results in an detection efficiency improvement of 1% at 20 kV.
B. Detector bias and tube high voltage
The photoelectron response was studied as a function of HPD tube high voltage (HV) and silicon detector bias voltage. Once the pixel threshold is reached the photoelectron response increases rapidly by increasing the tube high voltage as shown in figure 3 . No plateau is reached since a larger charge deposit increases the probability of detecting backscattered photoelectrons. As can be seen from figure 4 the maximum efficiency plateau is reached for a detector bias voltage of ∼ 50 V however the usual operating bias voltage was 80 V since a higher electric field reduces the charge diffusion and hence the charge sharing probability.
C. Photoelectron detection dfficiency
The single photoelectron detection efficiency of the tube was determined with the low intensity LED. The binary pixel data was calibrated with an analogue back-pulse signal [7] . This signal is accessible only in the test set up where it is measured directly from the back-plane of the silicon detector. A backpulse spectrum of a 10MHz HPD prototype is shown in figure  5 .
Based on the light spectra sum rule [8] a 4-parameter fit program was developed which described the data and determined the average number of photoelectrons per event reaching the detector. Since the silicon detector used in the 40MHz HPD prototype is larger by (∼ 50%) compared to the one in the 10MHz HPD prototype, the increased capacity increases the noise on the back-pulse signal and decreases the peak-to-peak visibility. However, the fit program still results in a precise description of the data.
Due to the threshold setting and the backscattering probability (∼ 18%) of the photoelectrons a detection efficiency loss is expected in the binary pixel data. Three corrections were applied to the binary pixel data: 1) Pixel clustering: Charge sharing causes that not only the hit pixel but also one or more of its neighbor pixels is above threshold. This fraction is between 15 and 20% depending on Back-pulse spectrum of a 10MHz HPD prototype. The peaks represent the distributions of the pedestal and the first, second, third and forth photoelectron. The line is the result of a 4-parameters fit to the spectrum.
the threshold (at 20 kV and a bias voltage of 80 V). Therefore all adjacent pixels are clustered together and are assumed to originate from only one photoelectron.
2) Pixel clustering over-correction:
The procedure described in III-C.1 underestimates the number of photoelectron if the probability of two photoelectrons hitting the same or adjacent pixels is not zero. This probability strongly depends on the geometrical light profile and the light intensity taking the charge sharing probability into account. The size of this correction was determined by a simulation. In the measurements described its size was usually between 1.5 and 2% but reached 20% at high LED intensity.
3) Missing bump bonds: Non working bump bonds have to be corrected for. The resulting electric field distortion and charge sharing effects are such that not all signals from photoelectrons hitting an unbonded pixel are lost completely. The loss due to missing bump bonds was estimated from the data taking into account the additional charge on neighbor pixels. This correction depends on the bonding quality of the particular prototype and the detector region. In these measurements corrections between 1 and 2% were applied.
The measured detection efficiency as a function of the light intensity and detector position is shown in figure 6 . A 0.4% percent uncertainty was assigned to the binary pixel data due to small changes in the experimental conditions whereas the result of the back-pulse fit was used without uncertainty. The stability of the fit seems to be within 1%, a normalization uncertainty due to the model assumption used could be of similar magnitude.
The detection efficiency was found to be independent of the detector position and light intensity. The measured value of ∼88% is above the LHCb specification of 85%.
D. Dark counts and ion feed back
Thermal electron emission from the cathode produces a background signal not originating from any light. The rate of these dark counts was measured while the ambient temperature 0-7803-8257-9/04/$20.00 © 2004 IEEE. was monitored (see figure 7) . The average rate of electrons hitting the detector at 25
• C is ∼ 1kHz/cm 2 and is in agreement with the rate expected from a multialkali photocathode.
Ionization of residual gas molecules in the tube can cause another background known as ion feed back which is equivalent to after-pulses of photo multipliers. The ionized molecule is accelerated to the cathode where it can release a bunch of electrons which are then accelerated to the anode. The signatures of ion feed back are therefore large clusters arriving on the silicon detector plane approximately 220 ns later than the originating signal. The rate is estimated to be less than 1%, however, for a more precise determination a pulsed LED with no late light emission or more detailed test beam data are required.
E. High occupancy and aging tests
To estimate the long term stability of these HPDs when installed in the LHCb experiment an accelerated aging test was performed. To simulate 10 years of LHC operation (∼ 40 months) with a normal tube occupancy of 1% pixels above threshold per physics event the tube was illuminated for one month with 40 times the expected light intensity and the chip temperature at 50
• C. The tube performance was monitored during the test with no observable significant loss in detection efficiency. Furthermore the quantum efficiency of the photocathode was measured before and after the accelerated aging test confirming the measurements by the manufacturer.
In addition the readout chip operation was successfully tested with high pixel occupancies. For that purpose a DC LED was used to produce a permanent 1% background light signal on the 
F. Readout in LHCb mode
The required position resolution in operation in the LHCb RICH counters is 2.5 mm×2.5 mm. Therefore not all 32×256 pixels have to be read out separately. The readout chip can couple 8 vertical pixels together with an logical OR which reduces the number of channels to 32×32. These LHCb pixels have a square size of 0.5 mm×0.5 mm fulfilling the resolution specifications taking the demagnification of the HPD into account. This so-called LHCb readout mode was tested successfully in beam and lab performance tests.
G. Test-beam measurements
A 10 GeV pion/electron test-beam was used with a RICH vessel prototype to produce Cerenkov air rings which were focused on a HPD. Such a ring from a pion dominated beam focused on a HPD read out in LHCb mode is shown in figure 8 , whereas figure 9 shows both pion and electron rings displaying all pixels separately. Due to the short test period and uncertainties related to the usage of air as radiator mainly qualitative results were obtained. However, the tube was found to be fully functional and all extracted results confirm the more precise laboratory measurements.
IV. CONCLUSION
The performance of two new 40 MHz pixel HPD Prototypes for the LHCb RICH counters was studied using a fast pulsed LED and Cerenkov light. The tubes were found to be fully 0-7803-8257-9/04/$20.00 © 2004 IEEE. functional with the expected efficiency dependence on tube high voltage and detecter bias. The photoelectron detection efficiency was determined to be ∼ 88% independent of the light intensity and detector position. Background from dark counts as well as from ion feed back was found to be low (∼ 1kHz/cm 2 at 25
• C and less than 1%, respectively). The features of the readout chip in terms of discriminating threshold adjustment and LHCb readout mode were succesfully tested as well as the tubes long term stability and its operation with high pixel occupancy.
